Production ofautoantibodies specific for the Fc region ofautologous IgG, called rheumatoid factors (RF), is a characteristic finding in patients with rheumatoid arthritis (RA). To study the requirements regulating the synthesis of these autoantibodies, we have cloned human helper T cells and co-cultured them with purified B cells. 
Introduction
Rheumatoid factors (RF) are characteristic, but not pathognomic, autoantibodies of patients with rheumatoid arthritis (RA) (1) . They are specific for multiple antigenic determinants in the second and third domains of the immunoglobulin gamma chain constant regions (2) . Production of such Fc region binding antibodies is not unique for RA patients. Increased levels of RF have also been described in sera of patients with other autoimmune diseases and are produced by apparently healthy individuals in secondary, T cell-dependent antibody responses (3) (4) (5) . Enrichment ofprecursor B cells able to produce RF have been reported for a distinct subset of B cells which are characterized by the expression of the CD5 molecule (6, 7) . In RA patients, CD5' B cells not only produce polyreactive, low affinity autoantibodies, but also monoreactive antibodies with a high affinity for the Fc fragment of the IgG molecule (8) .
There is accumulating evidence that RF secretion results from antigen-driven immune responses (9) , and that T helper cells play a crucial role in the induction and regulation of the autoantibody synthesis (10, 1 1). However, a specific antigen has not been unequivocally identified that initiates and maintains the production of Fc binding immunoglobulins. Different stimuli have been demonstrated or suggested to support RF production, including the IgG components ofantigen antibody complexes, polyclonal B cell stimulators, exogenous antigens expressing cross-reactive determinants to human IgG, and autologous antibodies functioning as anti-idiotypes (9) (10) (11) (12) (13) (14) . There is no conclusive evidence that any ofthese mechanisms plays a role in regulating RF synthesis in RA patients.
RA is now understood as a T cell-mediated disease with a tight genetic linkage that has been mapped to a specific polymorphism of the HLA-DRB 1 locus (15) (16) (17) . The implication of CD4+T helper cells and antigen-binding HLA molecules in the pathogenesis of the disease has supported a model that endogenous or exogenous antigens might be causative for a pathological immune response leading to RA. Recently, a new mechanism of T cell activation has been described that follows rules distinct from that of antigen-specific, HLA-restricted immune responses. A new class ofantigens, so-called superantigens, circumvent antigen-specific T cell stimulation by cross-linking HLA class II molecules and the T cell receptor (TCR)' molecule (18) (19) (20) (21) . In contrast to mitogens, superantigens do not polyclonally activate all T cells. Rather, they exhibit a restricted specificity for certain T cell subpopulations sharing a binding site on the outer surface of the TCR Vf3 element (22, 23) . Superantigens that are functional in the human immune system are products of bacteria and are highly effective at low concentrations (24) . Recently, a direct effect of such bacterial toxins on B cells has been described involving the cross-linking of HLA class II molecules on the surface of B lymphocytes (25, 26) . To address the question whether bacterial superantigens trigger the production of Fc binding autoantibodies, we have established human CD4+ helper T cell clones and have characterized their response pattern to distinct staphylococcal exotoxins. We have then proceeded to study the ability of such T cell clones to provide help for the synthesis of RF in T-B cell cultures in the presence of superantigens. Here, we report that we have identified one particular superantigen, staphylococcal enterotoxin D (SE D), which has a unique ability to induce RF production in the presence ofadequate T cell help. In addition to selectively interacting with particular TCR V(3 segments, SE D appears to have a functional selectivity to stimulate a discrete subset of B cells supporting a model in which individuals with a particular T cell repertoire have a higher risk ofbreaking self-tolerance and producing Fc-binding autoantibodies.
Methods
Study subjects. Patients with RA were identified through the Division of Rheumatology at the Mayo Clinic and consented to participate in this study. All patients fulfilled the diagnostic criteria for seropositive RA (27) . Normal control individuals did not have a personal or family history of inflammatory joint disease and were seronegative for RF. Mononuclear cells were purified from heparinized peripheral blood by Ficoll Hypaque density gradient centrifugation. In general, T lymphocytes and B cells from freshly separated samples were used for the experiments. In some experiments, cryopreserved T cells or B cells were utilized after preliminary experiments had demonstrated that they were functionally equivalent to freshly prepared lymphocyte populations.
HLA typing. All donors were characterized for the HLA-DRBl allele by allele-specific amplification and subsequent oligonucleotide hybridization as described (28) . A set of eight distinct primers specific for sequences encoded by the first hypervariable region (HVR) of the HLA-DRB I locus were used in combination with a nonpolymorphic oligonucleotide (codons 87-93) to amplify the HLA-DRBl gene in a polymerase chain reaction using the following conditions: 30 cycles, 1 min 940C denaturation, 1 min 560C annealing, and 2 min 720C extension. Amplified templates were subsequently immobilized on nylon membranes and hybridized with oligonucleotides specific for the sequence polymorphisms of the HVR2 or HVR3 of the HLA-DRBI gene.
Generation ofhuman Tcell clones. All T cell clones described in this study were generated by primary stimulation against HLA-DR B1*0401+ (HLA-Dw4+) or *0404+ (HLA-Dw14') stimulator cells. 5
x I0 PBL/ml were stimulated with 2.5 X 105/ml irradiated stimulator cells. After 1 wk, cultures were restimulated and T cell blasts were cloned at a concentration of 0.3 cells/well in the presence of 3 X 104/ well irradiated filler cells and 20 U/ml recombinant IL-2. Outgrowing T cell clones were characterized for their specificity by blocking assays with the HLA-DRB1-chain specific mAb P4.1 and by panel assays on lymphoblastoid cell lines (LCL) representing. the HLA-DR alleles HLA-DRl through HLA-DRw16, including the described subtypes of the HLA-DR4 and HLA-DRw6 families. For these studies, 1 In some antibody production experiments, the proliferative response of the same T cell clones to SE were studied in parallel. In this Determination ofIgM, IgG, and RF. Concentrations of total IgM, IgG, and RF were determined by immunoassay. To measure IgG and IgM, a sheep anti-human polyvalent immunoglobulin (Sigma) was coated to maxisorb plates (Nunc Inc., Naperville, IL) in a carbonate buffer, pH 9.6, at 4VC overnight. Remaining binding sites were blocked with 5% nonfat milk in PBS. Plates were subsequently incubated with diluted supernatants at 4VC overnight and then incubated with alkaline phosphate coupled goat anti-human IgG or IgM (Boehringer Mannheim, Indianapolis, IN) for 60-120 min at room temperature. Finally, P-nitrophenol phosphate was added in a 10-mM diethanolamine buffer (pH 9.5, 0.5% mM MgCl2). The reaction was read on an ELISA reader at a wavelength of410 nM. Individual immunoassays were standardized by using IgM (Beckman Instruments Inc., Brea, CA) and IgG (Cappel Laboratories, Cochranville, PA) standard solutions. Results are given as the mean.
To determine RF activity, maxisorb plates were coated with human Helper cell requirements in SE D-induced RF production.
The selective induction of RF production in the presence of SE D could reflect the interaction of the bacterial superantigen with a T cell population, a selective effect on a B cell popula- T cell clone, BAJ 1-107, which did not proliferate in response to SE D (Table I) (Fig. 1, Fig. 3, Fig. 4 , and data not shown). In addition to BAJ ,gg/ml of total IgM and 200 ,gg/ml of total IgG were detected.
IgM and IgG productions started to decline with less than 625 and 1250 B cells/culture, respectively. None of the anti-CD3 activated T-B co-cultures produced more than 0.5 U/ml RF activity. Induction of immunoglobulin synthesis in the SE Dstimulated cultures was less efficient. Maximal production of IgM and IgG in the presence of SE D required 10,000 purified B lymphocytes/culture. In the SE D-triggered microcultures, RF activity was -14 U/ml at the higher B cell concentrations with as few as 156 B cells still producing 2 U. Thus, the stimulation by SE D induces a clear shift in the repertoire of secreted antibodies. These data also demonstrate that the frequency of B cells with the potential to produce RF circulating in the peripheral blood of RA patients is surprisingly high.
Discussion
Here we present multiple lines of evidence that one particular bacterial superantigen, SE D, triggers the selective production pg/ml 
2,500 625 B cells / culture of RF in the presence of adequate T cell help. Thus, SE D not only circumvents the requirement for the T helper cell to specifically recognize an antigen on the surface of the B cell, but in addition, shifts the repertoire of antibodies produced toward a preponderance of RF. The secretion of antibodies reactive to autologous IgG is a characteristic pathological finding in RA. The role of these autoantibodies in the chronic inflammatory process is not understood, and we do not believe that the articular inflammation is solely an antibody-mediated phenomenon. However, high titers of the autoantibodies are considered a prognostically poor sign (31) . The mechanisms responsible for the continuous production of RF have not been identified, although there is convincing evidence that RF secretion is under the control of T lymphocytes (9-12, 32 ). The T cell requirements for RF synthesis have been especially studied in normal individuals in whom the transient production of the anti-IgG antibodies is detected during secondary T cell-dependent humoral responses (4) . In their recent review, Chen et al. have discussed that essentially four different triggers of RF production may be functional (9) . Aggregated IgG bound in antigenantibody complexes can induce RF production and a structural variant ofautologous IgG could thus represent the continuous antigenic stimulus. Alternatively, exogenous antigens mimicking the RF binding sites on the Fc fragment might maintain the stimulation ofFc-specific T and B cells. Sequence analysis and the expression patterns of cross-reactive idiotypes on RF molecules support the notion that RF synthesis is an antigen-driven response. A more complex model interprets RF production as the result of an antiidiotypic regulation either through autologous antibody molecules or idiotype-specific regulatory T cells. Finally, polyclonal B cell activators have been suggested as chronic RF inducers. Here, we suggest yet another model attempting to explain why patients with RA fail to downregulate the autoantibody production. Our data demonstrate that a bacterial superantigen in the presence of appropriate T helper cells selectively induces RF' B cells to secrete RF synthesis has been attributed to a particular B cell subset, the CD5' B cells (6, 7 (manuscript in preparation). Our finding that SE C3 and SE C1 effectively induce T cell proliferation but do not stimulate immunoglobulin secretion, lends further evidence to the hypothesis that different T cell functions are not necessarily linked in individual T cells, and that there exists a dichotomy of T cell proliferation and secretion of various lymphokines and help for B cells. These data suggest that signals provided to B lymphocytes by different bacterial toxins are not uniform, and that SE D may be unique in its action. The variety of biological consequences might relate to the interaction of certain superantigens with distinct B cell subsets, although all B cells express HLA-DR molecules and thus are able to bind superantigens. Alternatively, the transmembrane signaling induced by microbial toxins in B lymphocytes may have distinct functional consequences depending on the B cell subset and the bacterial superantigen involved.
The selectivity of SE D to induce RF production also indicates the involvement ofsome, but not all, T helper cell populations in RF synthesis. This model is supported by the V3-restricted T cell activation by all known superantigens (21, 24). The functional role of endogenous and exogenous superantigens has been correlated to their binding for selected TCR Vf3 elements. A binding site expressed on the outside surface ofthe V:structure and encoded by the HVR4 ofthe V:sequence has been identified for self-superantigens and SE C2 and SE C3 (23, 24) . Thus, the biological effects of a particular superantigen on an adult immune system are essentially influenced by the composition of the TCR repertoire. We have recently postulated that the HLA-DR association of RA can be explained by the regulatory role of HLA molecules in the formation of the patient's T cell repertoire (36) . HLA determinants associated with RA are expressed on the a-helical portion of the HLA-DR molecule surrounding the antigen binding groove (37). Recognition of the HLA epitopes by alloreactive T cells clearly demonstrates that there exist structural constraints for the TCR-HLA interaction leading to the preferential use of certain TCR V: families in T cell clones interacting with RA-associated HLA determinants (Weyand, C. M., U. Oppitz, K. Hicok, and J. J. Goronzy, Manuscript submitted for publication.). We have demonstrated that TCR molecules utilizing the Vf36 segments fulfill these structural requirements and are dispropor-tionally used in such T cells. The majority of Vf#6' T cell clones proliferate vigorously when they recognize SE D presented by HLA-DR molecules (28a). Thus, a model emerges in which SE D exhibits a preference for V,36' T cells, which are predominantly recruited for the interaction with RA-associated HLA determinants. The present study raises several important issues regarding the potential roles of SE D in the regulation of RF production. The selective effect of SE D in the induction of RF synthesis in the T-B cell microcultures, combined with the stimulatory effect of SE D for V(6' T cells specific for RA-associated HLA determinants, opens the possibility that the regulation of RF synthesis is linked to the T cell repertoire of the responder.
